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Solar cellCdTe/CdSe and CdSe/CdTe core/shell colloidal quantum dots, both with and without a second CdS shell, have
been synthesised and characterised by absorption andphotoluminescence spectroscopies, scanning transmission
electronmicroscopy and X-ray diffraction. Each type of quantum dot had a zinc blende crystal structure and had
an absorption edge in the near-infrared, potentially enabling the more efﬁcient exploitation of the solar spec-
trum. Each was used to sensitise a photovoltaic cell of a ‘Grätzel-type’ design consisting of the dots coated onto
mesoporous TiO2, a sulphur-based electrolyte and a platinum top electrode. The photovoltaic efﬁciency of the
cells was found to be greater for Type-II dots as compared to the quasi-Type-II dots. However, the efﬁciency
was reduced on the addition of an outer CdS shell indicating that it acts as a barrier to charge extraction.
© 2014 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/3.0/).1. Introduction
Advances in nanomaterial synthesis have led to the development of
solar cells that can potentially combine high efﬁciency with lower pro-
duction costs than conventional cells. One example is the dye sensitised
solar cell, ﬁrst demonstrated in 1991 by O'Regen and Grätzel [1], which
uses nano-structured TiO2 to enhance the absorption by a thin layer of
dye and for which efﬁciencies have reached 12% [2]. Quantum dot
sensitised solar cells (QDSSCs) are a variation of this design inwhich col-
loidal quantum dots (QDs) replace the organic dye. A number of the
properties of QDs make them well-suited to the role of photoabsorber.
In particular, they have a band gap that can often be size-tuned to opti-
mise exploitation of the solar spectrum; they are photo-stable andhighly
absorbing; and they can in some cases exhibit multiple exciton genera-
tion. This process has the potential to enable the Shockley–Queisser
(SQ) limit [3] of solar cell efﬁciency to be exceeded [4]. QDs can also be
used to replace the electrolyte as the hole-transporting medium [5].
QDs composed of a number of different materials have been used as
photoabsorbers in QDSSCs, including: CdS, CdSe, CdTe, PbS, PbSe, InP,
GaAs and HgTe [6]. The efﬁciencies of QD-based cells have shown
rapid improvement in recent years, with the greatest efﬁciency reported
currently 7% [5]. Recently, QDs with a Type-II or quasi-Type-II structure
have begun to be investigated as photoabsorbers. Type-II QDs have a
core/shell structure (where each part is composed of a differentmaterial)
in which the electron and hole localise in different regions. In contrast,
both charge carriers are contained within the same volume in Type-Ionomy and the Photon Science
9PL, U.K.
. This is an open access article underQDs; in a quasi-Type-II structure, one carrier is delocalised over the
whole QD whilst the other is conﬁned to a particular region. A Type-II
or quasi-Type-II structure reduces the overlap between the electron
and hole wave-functions, decreasing the rate of direct recombination
and hence potentially improving the efﬁciency of charge extraction
from the QD. In these structures the band edge transition is between
the valance band of one component and the conduction band of the
other, which red-shifts the absorption edge fromwhat can be achieved
in QDs composed of either material alone. This can be an advantage in
some cases because it allows the band-edge to be shifted closer to the
optimum value for exploitation of the solar spectrum, ~1.35 eV [3].
QDSSCs sensitised by ZnSe/CdS [7], CdS/ZnS [8] and ZnTe/ZnSe [9]
Type-II QDs have been investigated previously. However, all of these
had absorption edges in the visible part of the spectrum at wavelengths
less than 600 nm, and so were not well-suited to the efﬁcient use of the
solar spectrum.Very recently, a QDSSC incorporating CdTe/CdSeQDs has
been reported [10], which had an absorption edge in the near-infrared.
There are a number of out-standing issues that require study before
the design of Type-II QDs can be optimised for the sensitization of
QDSSCs. In particular, a consequence of using a Type-II structure is
that the probability that one or other of the charge carriers is found
in the shell region is signiﬁcantly increased. This will lead to an in-
creased likelihood that this carrier will interact with surface traps.
Surface trapping has been shown to result in very rapid recombination
in Type-II QDs [11], which might more than offset the reduction in di-
rect recombination. It is also not clear whether there is an advantage
n localising the hole in the core of theQD, away from surface traps, rather
than the electron, or vice versa. The region in which each charge is local-
ised will also affect the rate at which it can be extracted from the QD.the CC BY license (http://creativecommons.org/licenses/by/3.0/).
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CdTe/CdSe and CdSe/CdTe QDs, which localise the hole in the core and
shell regions, respectively. We also investigate QDSSCs incorporating
CdTe/CdSe/CdS and CdSe/CdTe/CdS core/shell/shell QDs. The conduc-
tion and valance band structure for each of theseQDs is shown schemat-
ically in Fig. 1. The values shown are band offsets calculated from bulk
ionisation potentials and electron afﬁnities [12]. The CdS outer shell
acts as a potential barrier to holes, reducing the overlap of their wave-
functionswith any surface states. CdTe has been shown to be vulnerable
to corrosion by the sulphide electrolyte commonly used in QDSSCs and
theCdS layer is also protection against this [13]. Initially, the synthesis of
each of the QDs is detailed. The structural characterisation of the QDs by
scanning transmission electron microscopy (STEM) and powder X-ray
diffraction (XRD) is also reported, as is their optical characterisation
by absorption and photoluminescence (PL) spectroscopy. We also
describe an assessment of the effect of surface traps on the recombina-
tion rate for each QD using transient PL spectroscopy and PL quantum
yield measurements. Finally, the photovoltaic performance of QDSSCs
based on each of the QDs is reported and discussed [13].
2. Experimental methods
2.1. Quantum dot synthesis
Cadmium oxide (99.5%, Aldrich), oleic acid (N97%, Fischer),
octadecene (90%, Aldrich), selenium (99.5%+, Aldrich), tri-n-
octylphosphine (TOP, 90%, Aldrich), octadecylamine (90%, Aldrich),
tetradecylphosphonic acid (TDPA, 97%, Aldrich), tellurium (99.8%,
Aldrich), and sulphur (Aldrich) were used as purchased. All reactions
were carried out under nitrogen conditions using Schlenk techniques.
Anhydrous solvents were used in all procedures.CdTe  CdSe   CdTe    
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Fig. 1. Energy level diagrams showing the valence and conduction band positions with respectQDs with a spherical shape are believed tomore effectively penetrate
nanoporous TiO2 electrodes than other shapes [10]. CdSe nanoparticles
can be grown either with a wurtzite or zinc blende crystal structure,
with only the latter being isotropic and hence ensuring uniform growth
in all directions and a spherical shape. Thus, to obtain spherical growth,
a method was chosen [14] to ensure that a zinc blende crystal structure
is formed, as opposed to the more stable, at higher temperatures, hexag-
onal wurtzite structure. For CdTe shell growth, 0.04 mol dm−3 cadmium
oleate (0.05 g CdO in 1 mL oleic acid and 9 mL octadecene heated to
300 °C forming a clear solution) and 0.05 mol dm−3 TOP-Te (0.06 g Te
dissolved in 3.4 mL TOP and 6.6 mL octadecene at 80 °C) stock solutions
were prepared and stored under nitrogen. In a typical reaction 1 mL CdSe
cores (4 × 10−5 mol dm−3 in toluene) were injected into oleylamine
(6.6 mL) containing octadecene (6.8 mL) and heated under vacuum to
remove toluene. Cd-oleate (0.6 mL) solution was injected into the CdSe
solution at 190 °C, followed after 5 minby the addition of TOP-Te solution
(0.6 mL) under vigorous stirring. The reaction temperaturewas increased
to 250 °C for 20 min growth time. This shelling process was repeated
until the desired shell thickness was grown as monitored by absorption
measurements. For the growth of the CdS shell, a 0.18 mol dm−3 TOP-S
(0.06 g sulphur dissolved in 3 mL TOP and 7 mL octadecene) stock so-
lution was prepared. Cd-oleate (0.4 mL) was added dropwise to the
CdSe/CdTe solution at 190 °C and the temperature was increased to
225 °C for 20 min. The reaction was cooled to 190 °C and held. This
was followed by dropwise injection of TOP-S (0.4 mL) and an increase
in temperature to 225 °C for 20 min to complete shell growth. The solu-
tion was cooled to room temperature and stored under nitrogen.
CdTe cores, which only grow in the zinc blende structure, were syn-
thesised by a previously reported method [15]. The CdSe shell growth
was performed using a layer by layer growth technique at a lower tem-
perature compared with CdSe/CdTe shell growth due to the preferenceCdS    CdSe    CdTe   CdSe    CdS
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Fig. 2. XRD patterns for typical CdSe, CdSe/CdTe, CdSe/CdTe/CdS QDs, with the standard
diffraction peak positions and relative intensities of bulk zinc blende CdSe (bottom) and
bulk CdTe (middle and top spectra) indicated.
67N. McElroy et al. / Thin Solid Films 560 (2014) 65–70of CdSe to freshly nucleate as oppose to form a shell. In a typical reaction
1 mL CdTe cores (4 × 10−5 mol dm−3 in toluene) were added to TDPA
(0.14 g), octadecene (7 mL) and TOP (1 mL). The solution was held
under vacuum to remove toluene and heated to 150 °C for the reaction.
Alternating additions of Cd-oleate (as previous) and TOP-Se (0.04 g Se
dissolved in 3.4 mL TOP and 6.6 mL octadecene at 80 °C) corresponding
to a monolayer of growth were injected every hour. This was repeated
until the desired shell thickness was added and held at 150 °C for
24 h to complete shell growth. For the growth of the CdS shell the
same technique was used as in the CdSe/CdTe/CdS example.
2.2. Characterisation of the quantum dots
X-ray diffraction patterns were measured using a Bruker D8 Discov-
erer diffractometer using copper Kα radiation in glancing incidence
modewith a 0.6 mmdivergence slit and scintillation detector. The sam-
ples were prepared by depositing a concentrated hexane solution on
glass slides and allowing the sample to dry in air. This was repeated
until a thick ﬁlm was deposited suitable for X-ray measurements.
A dilute toluene solution of as made QDs were placed in a cuvette
and their absorbance was measured using a Thermo Spectronic,
Heλios β spectrometer. The same solution was used to measure their
photoluminescence using a Gilden pλotonics ﬂuroSENS ﬂuorimeter
after excitation at 400 nm.
Sampleswere prepared for STEMby applying a single drop of a dilute
toluene solution of QDs to holey carbon grids. After particle deposition
the grids were washed several times with methanol to remove excess
long chain capping ligands and reduce contamination. High angle annu-
lar darkﬁeld (HAADF) imagingwas performed using a probe side aberra-
tion corrected instrument (FEI TitanG280–200 kV) operated at 200 kV, a
convergence angle of 26 mrad and a HAADF inner angle of 52 mrad.
The PL quantum yield (QY) was determined using an integrating
sphere (F-3018) attached to a spectroﬂuorometer (Horiba Fluorolog
FL3-iHR). The excitation source was a xenon lamp dispersed through a
monochromator and for each of the samples studied here the excitation
wavelengthwas set to 580 nm; the bandpass for both the excitation and
emissionmonochromatorswas 2 nm, and the integration timewas 0.1 s.
The PL decays were measured using the time-correlated single pho-
ton counting (TCSPC) technique. The excitation source was a mode-
locked Ti:Sapphire laser system (Spectra Physics Mai Tai HP) operating
at a repetition rate of 80 MHz and a wavelength of 800 nmwith a pulse
duration of 100 fs. A pulse selector (APE Pulse Select) was used to re-
duce the repetition rate by a factor of 20 or 30 and the wavelength
was up-converted to 400 nm by a second harmonic generation unit
(APE Harmoni XX). For the CdSe/CdTe and CdSe/CdTe/CdS QD samples
the excitation repetition rate and average power were 4 MHz and
3.0 mW, respectively, whilst the CdTe/CdSe and CdTe/CdSe/CdS QDs
were excited at a rate of 2.7 MHz and an average power of 2.5 mW. In
each case, the excitation spot size at the sample was ~3 mm. The emit-
ted light was collected with a 15 mm focal length and passed through a
high pass ﬁlter (cutting off wavelengths b425 nm). The emission was
detected by a multi-channel plate (Hamamatsu R3809U-50) and the
TCSPC electronics were from Edinburgh Instruments (TCC900).
2.3. Photovoltaic studies
A Grätzel-type solar cell was fabricated using each of the QDs
synthesised. All reactants were used as purchased from Sigma Aldrich
unless otherwise noted. TiO2 nanoparticles were freshly prepared by
adding 5.5 mL of acetic acid and then 10 mL of isopropanol to 5.5 mL
of titanium isopropoxide; this forms a white precipitate of TiO2 nano-
particles on the addition of deionised water, which were ground in
a mortar and pestle for 15 min and sonicated for a further 15 min.
These nanoparticles were spin-coated onto an indium tin oxide coated
glass substrate to form an initial TiO2 layer that is well-adhered to
the substrate. Subsequent layers were added using a repetition of theabove process but using commercially-available TiO2 nanoparticles
(“Aeroxide P25”, Sigma Aldrich) dispersed in 1:10 mixture of acetic
acid and deionised water. TiO2 layer thicknesses were determined by
scoring down to the substrate with a needle and measuring the height
of the resulting step using a proﬁlometer (Veeco, Dektak-8). The
21 nm average diameter of the commercial nanoparticles determines
the size of the pores in the TiO2 into which the nanocrystals will pene-
trate. The good photovoltaic performance obtained previously [10]
from a cell based on CdTe/CdSe nanocrystals even larger than the ones
used here and using a TiO2 layer fabricated from the same size and
type of nanoparticle indicates that penetration is sufﬁcient to enable ef-
fective sensitisation. The XRD pattern from the complete TiO2 layer was
also acquired using the Bruker D8 diffractometer. The photoabsorbing
layer was added by spin-coating the TiO2 with the as prepared QD solu-
tion. This process was repeated 10 times, with each application of the
QDs interspersed with spin-coating with a mixture of 10% mercapto-
propionic acid in methanol followed by spin-coating with pure metha-
nol to wash. The top electrode was produced by sputtering platinum to
a glass substrate and to this was attached a gasket made from 50 μm
thick polytetraﬂuoroethylene (Solaronix). The cell was ﬁlled with a
sulphur electrolyte solution produced by dissolving 0.04 g sulphur,
1.2 g sodium sulphate nonahydrate (Na2S-(H2O)9) and 0.15 g potassi-
um chloride in 7 mL of methanol and 2.2 mL deionised water.
For each device, the absorbance of the QD layer was measured by
comparing, in the integrating sphere, transmission through the device
(without electrolyte or top electrode) under direct and diffuse illumina-
tion i.e. when the beam from the excitation spectrometer is incident
ﬁrst on to the device before scattering within the sphere and when the
beam ﬁrst scatters before encountering the device. The ratio of the signals
for direct anddiffuse illumination, spectrally integratedover the detection
bandwidth of the exit spectrometer, yields the single-pass fractional ab-
sorption of the sample at each wavelength, from which the absorbance
spectrum is calculated. The photovoltaic performance of the complete de-
vices was measured using a Keithley 2400 Sourcemeter under illumina-
tion by a 1-sun (1000 W.m−2) solar simulator, consisting of a xenon
arc lamp (Newport 91160–100) with AM1.5G ﬁlter. Measurements
were calibrated to a certiﬁed reference silicon diode (Newport 91150 V).
3. Results and discussion
Several samples of each QD type, with varying core sizes and shell
thicknesses, were synthesised to gain a greater understanding of the
system and to optimise the photophysical properties of the QDs. XRD
patterns were obtained for the CdSe cored QDs, see Fig. 2, to check
their crystal structure and showed that the CdSe cores were zinc blende
as intended and that this structure was maintained through the CdTe
Fig. 3. Normalised absorbance (solid lines) and PL (dashed lines) spectra at each stage of
a) CdSe/CdTe/CdS and b) CdTe/CdSe/CdS quantum dot synthesis.
68 N. McElroy et al. / Thin Solid Films 560 (2014) 65–70and CdS layers. The diffraction pattern for the complete CdSe/CdTe/CdS
shows no sign of CdSwurtzite peaks indicating that the CdS grows tem-
plate to the cubic crystal phase adopted by the CdSe/CdTe QD. At low
diffraction angles for the core sample, there is a small discrepancy
with the expected peak positions for bulk CdSe, as noted previously
for similarly sized nanocrystals [16]. As related by the Scherrer equation,
the width of the XRD peaks for the CdSe cores is consistent with their
size, as determined by absorption spectroscopy and HAADF STEM.
The sizes of the cores and thicknesses of the shells were routinely
calculated for each sample using theoretical formulae relating absorp-
tion band edges to core diameter and shell thickness [17,18]. A model
of the electronic structure of CdSe/CdTe and CdTe/CdSe QDs publishedFig. 4. (From left to right) STEM images of an array of CdSe QDs, a typical CdSe QD, a typical CdS
the isolated particles.recently indicates that CdSe/CdTe QDs of the core diameters and shell
thicknesses used in this study will form a quasi-Type-II heterostructure,
whilst the CdTe/CdSe QDswill be on the border of the quasi-Type-II and
Type-II regimes [18]. The accuracy of these size calculations was
checked by comparing them with actual size measurements taken
from TEM images for a number of QD structures, and good correlation
was found. A typical sample was found to have a core of size 3.5 nm
in diameter; this size grew to 5 nm in diameter after the ﬁrst shell
growth and a further increase in size to 6.5 nm observed when the pas-
sivating CdS shell was added.
Fig. 3 shows absorption and PL spectra for typical CdSe- and CdTe-
core samples, before and after the addition of the ﬁrst and then the sec-
ond shell. There is a large red shift in both the PL peak and the absorp-
tion edge on the addition of the ﬁrst shell due to the change from a
Type-I system to a Type-II or quasi-Type-II system, where the absorp-
tion edge corresponds to a transition from the valance band of CdTe to
the conduction band of CdSe. There is also a smaller red shift observed
due to the increase in particle size upon growth of the second shell.
Several other absorption peaks are evident at wavelengths less than
the band edge for the CdSe and CdTe core-only samples, indicating
that the samples had low size dispersion. These spectral features are
retained somewhat on the addition of the shells to the CdSe core but
largely lost when the shells are added to the CdTe core. Loss of distinct
absorption features is consistent with the weak transition strengths
that result from the low wave-function overlap found in Type-II
heterostructures, whilst their partial retention indicates the lesser de-
gree of overlap reduction associated with a quasi-Type-II QD [18].
HAADF STEM images for an example CdSe/CdTe/CdS QD are shown
in Fig. 4 and correspond to the spectra in Fig. 3. The CdSe image shows
a large array of mono-disperse CdSe QDs with a well-deﬁned size and
shape. The mono-dispersity of the sample decreases slightly upon shell
growth and large arrays of nanoparticles are not seen in the core/shell
and core/shell/shell samples but the majority of the particles show uni-
form size and shape and retain their crystallinity. Examples of typical
QDs of CdSe/CdTe and CdSe/CdTe/CdS are shown in Fig. 4. The CdSe/
CdTe images show signs of surface degradation due to the instability
of CdTe when exposed to air; this is a further motivation for adding a
second CdS shell in these examples. After size and shape analysis of
over 100 particles at each stage of synthesis, it was shown that the
average core size of this sample was 3.5 nm (with a standard deviation
(s.d.) = 9.5%), this grew to 4.9 nm (s.d. = 18.2%) upon CdTe shell
growth and after the ﬁnal CdS shell was grown the average particle size
was 6.6 nm (s.d. = 20.0%). The modal aspect ratio of all QDs analysed
was 1 to 1.2, conﬁrming the broadly spherical nature and isotropic
growth of the nanoparticles.
To verify our experimental procedures, the PL QY of oxazine 1 was
measured and found to be 13%, in good agreement with the literature
value of 14% [19]. The results of the PL QY measurements on the
QDs are given in Table 1 and show that non-radiative recombinatione/CdTe QD and a typical CdSe/CdTe/CdS QD. Scale bar = 10 nm for the array and 2 nm for
Table 1
The PL QY for the QDs used to sensitise photovoltaic cells with the corresponding QD-layer
FA, photovoltaic efﬁciency (PV Eff.), Fill Factor (FF), VOC and JSC of the cells.
QD type PL QY
(%)
FA
(%)
PV Eff.
(%)
FF VOC
(V)
JSC
(mA/cm−2)
JSC/FA
CdSe/CdTe 2.0 61 0.14 0.34 0.42 0.96 1.6
CdSe/CdTe/CdS 6.4 43 0.06 0.29 0.36 0.59 1.4
CdTe/CdSe 4.0 51 0.38 0.34 0.50 2.2 4.3
CdTe/CdSe/CdS 2.6 36 0.09 0.44 0.30 0.65 1.8
Fig. 6.XRDpattern for the complete TiO2 layer. The peak positions and relative amplitudes
expected for anatase and rutile crystal phases are shown as black and blue lines,
respectively.
69N. McElroy et al. / Thin Solid Films 560 (2014) 65–70dominates in each. These results are consistent with the PL QY achieved
for single material QDs, in which charge carriers have a signiﬁcant
likelihood of interacting with surface states [20]. In contrast, Type-I
core/shell QDs can exhibit much higher QYs, e.g. 50% for CdSe/ZnS
[21], because the shell material acts as a potential barrier that keeps
the charge carriers away from the surface.
The PL decay transients for the four varieties of QD are shown in
Fig. 5. The decays for the CdSe/CdTe and CdSe/CdTe/CdS QDs are largely
mono-exponential, with only an initial deviation from this form which
is likely due to rapid surface-mediated recombination. In contrast, the
transients for the CdTe/CdSe and CdTe/CdSe/CdS QDs are not mono-
exponential, which we attribute to a greater contribution of surface
mediated recombination. The recombination rate is signiﬁcantly more
rapid for the QDs with a CdSe core compared to the ones with a CdTe
core, consistent with a greater wave-function overlap in the former type.
The thickness of the initial TiO2 layer was 0.6 ± 0.2 μm whilst the
complete TiO2 layer had a total thickness of 47 ± 2 μm. The X-ray dif-
fraction pattern obtained from the complete layer is given in Fig. 6
and shows that it is predominantly anatase in phase but with a small
fraction of rutile structure evident. Anatase TiO2 has been shown to re-
sult in ~30% greater short-circuit current than rutile in a dye-sensitised
solar cell but approximately equal open-circuit voltage, VOC, with the
difference attributed to a greater surface area for the anatase on the
nanoscale [22]. The photovoltaic response of the devices sensitised by
each of the QDs is shown in Fig. 7, and the key performance parameters
are given in Table 1. None of the devices exhibited high efﬁciency; this is
partly due to themodest fractional absorption (shown in Fig. 8) in some
cases, but we attribute it primarily to high recombination losses,
consistent with the low PL QY. It has been shown that signiﬁcant
non-radiative recombination can occur on a picosecond timescale in
Type-II QDs [11], whilst the radiative lifetimes are typically nanosec-
onds or 10 s of nanoseconds (see Fig. 5). Thus, the PL QY is an indication
of the probability that photo-generated charges will survive long
enough to be available for extraction. The most efﬁcient device was
sensitised by the CdTe/CdSe QDs, largely due to its signiﬁcantly greater
short-circuit current density, JSC, which is more than double that of the
CdSe/CdTe sensitised device. This difference in performance is even
greater if the fractional absorbance of the QD-layers is taken into ac-
count. The data shown in Fig. 8 has been used to calculate the totalFig. 5. PL transients for the QDs studied.absorbed fraction for this spectral range, FA (i.e. the ratio of the area
under each curve in Fig. 8 to the area for complete absorption across
the same range), which is given in Table 1 for eachQD aswell as the cur-
rent density normalised to this fractional absorption, JSC/FA.
The addition of the sulphide shell to both the CdSe/CdTe and the
CdTe/CdSe QDs has a clear detrimental effect on device performance.
This indicates that the beneﬁt the CdS shell brings in terms of surface
passivation and protection from corrosion by the electrolyte is more
than offset by the additional barrier to extraction that it presents. CdS
has been previously shown to reduce charge injection from CdSe to
TiO2 [23]. It is also evident from Table 1 that the cells sensitised by the
CdTe/CdSe and CdTe/CdSe/CdS QDs performed better than the ones
sensitised by CdSe/CdTe and CdSe/CdTe/CdS QDs. The improved perfor-
mance of the CdTe/CdSe/CdS QDs as compared to the CdSe/CdTe/CdS
QDs indicates that this enhancement is not due to different chemistry
at the surface of the different types of QD, since both are terminated
by an outer CdS layer. As discussed above, the wave-function overlap
is less in the CdTe-cored QDs compared to the QDs with a CdSe core;
this is evidenced both by the reduced prominence of the peaks in the ab-
sorption spectrum and the longer PL lifetime for the CdTe-cored QDs,
and is supported by a theoretical model [18]. This reduced overlap in-
creases the recombination lifetime in that fraction of the QD population
free of surface traps and hence improves photovoltaic performance.
4. Summary and conclusions
Spherical quasi-Type-II CdSe/CdTe and Type-II CdTe/CdSe QDs with
a zinc blende structure were synthesised and characterised with andFig. 7. Photovoltaic performance of solar cells sensitised by the QDs studied. In each case,
the dark current was similar and so only typical curve is shown for clarity.
Fig. 8. Fractional absorption of the solar cells sensitised by each of the QDs.
70 N. McElroy et al. / Thin Solid Films 560 (2014) 65–70without a passivating CdS outer shell. Each QD type was incorporated
into a ‘Grätzel-type’ solar cell and their performance was tested. It was
shown that in both cases the addition of a ﬁnal CdS shell was detrimen-
tal to device performance and a signiﬁcant reduction in the overall
cell efﬁciency was seen; this was attributed to an increased barrier for
charge carrier extraction provided by the CdS shell reducing charge
extraction rates. It was also apparent that the samples with CdTe-core
outperformed their CdSe analogues. The reason for this observation
was attributed to the fact that these were Type-II QDs, as opposed to
the quasi-Type-II CdSe/CdTe/(CdS) QDs, which have a reduced wave-
function overlap and consequently decreased charge recombination
rate. From these results, we conclude that the performance of QDSSCs
can be improved by using heterojunction structures to engineer thewave-functions of charge carriers in colloidal QDs. However, as for all
QDSSCs, control of the QD surface is of key importance to the perfor-
mance of solar cells sensitised by Type-II dots.
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